Abstract. Determination of passive permeability is not only important for predicting oral absorption and brain penetration, but also for accurately predicting hepatic clearance. High throughput (HT) measurement of passive permeability across hepatocyte cell membrane is technically more challenging than using monolayer cell-based permeability assays. In this study, we evaluated if the HT Madin-Darby canine kidney II-low efflux (MDCKII-LE) cell monolayer permeability assay can be used as a surrogate to predict the passive permeability of hepatocytes. Apparent passive permeability of MDCKII-LE is well correlated to passive diffusion clearance of human and rat hepatocytes, suggesting that the HT MDCKII-LE assay can be used as a surrogate to estimate the passive permeability of hepatocytes. In addition, lipophilicity (Log D determined at pH 7.4) was also found to be well correlated with both MDCKII-LE and hepatocyte permeability for most compounds, hence it may serve as another permeability surrogate.
INTRODUCTION
Passive permeability across hepatocytes is an important parameter impacting not only in vivo hepatic clearance, but also in vitro intrinsic clearance in hepatocyte systems for compounds with permeability-limited uptake into the hepatocytes. Accurate determination of a compound's passive permeability can assist in deconvoluting the various processes (active uptake, efflux transport, passive diffusion, and metabolism) that contribute to the hepatic clearance (1-3) and appropriate scaling factors can be applied as needed. This is particularly useful in understanding: (a) the rate-limiting step for hepatic clearance, (b) interplay between hepatic transporters and drug metabolizing enzymes, and (c) how the intrinsic clearance in hepatocytes compares to that in liver microsomes (this comparison has been shown to provide mechanistic information on cytochrome P450 (CYP) versus non-CYP metabolism and transporter effect (4)). Furthermore, such information is critical for liver targeting projects where compounds with low passive permeability and high active uptake by liver specific transporters (for example, organic anion transporter polypeptide (OATP) 1B1 and 1B3) are identified in order to achieve high free drug concentration in the liver, while maintaining minimal systemic and peripheral tissue exposure to reduce toxicity (5) (6) (7) . When predicting clinical outcomes using physiologically based pharmacokinetic models for transporter substrates and inhibitors, passive permeability across hepatocytes is an important input parameter to accurately model human pharmacokinetics, free liver drug concentration, and drug-drug interaction potentials (8) .
There are several methods currently available to measure apparent passive permeability (P app ) or passive diffusion clearance (CL pass , the product of permeability and cell surface area) across hepatocyte membranes. Most experiments measure the hepatocyte uptake rate in the presence of transporter inhibitors (e.g., rifamycin SV, inhibitor cocktail of cyclosporine A and rifampicin) or at low temperature (e.g., 4°C) in order to stop the active processes. These experiments use (a) plated hepatocytes, (b) hepatocytes suspension with oil spin technique, or (c) sandwich cultured hepatocyte systems (9, 10) . In general, the methods yield comparable passive permeability results, but there are some exceptions. For example, 4°C incubation can alter the membrane fluidity compared to incubation at 37°C, leading to temperature-dependent passive permeability (10) . Transporter inhibitors, at times, can have substrate-dependent inhibition, making it difficult to interpret the data (10) . The passive diffusion clearance in these studies is either estimated using the conventional two-step approach or the mechanistic two-compartment modeling approach (10) (11) (12) (13) (14) . The mechanistic two-compartment model has the advantage of accounting for bidirectional passive diffusion while simultaneously assessing both uptake transport and metabolism (10) . Additionally, if the assay is performed at multiple substrate concentrations, passive permeability can be estimated using a mechanistic model so that the 4°C incubation and transporter inhibitor are not needed (10, 12) . However, the method is quite laborious and requires a large amount of experimental data at varying time points. This approach uses 1-aminobenzotriazole (ABT) to inhibit CYP enzyme metabolism, which could also lead to inaccuracy in estimating permeability, due to incomplete inhibition of CYPs (15) and low selectivity towards other enzymes (16) . In addition, when the mechanistic model is used without prior data transformation to delineate passive from active uptake into the cell, great uncertainty may be associated with the determination of passive permeability and intracellular unbound fraction (10) . Overall, the hepatocyte-based methodologies are useful for determining passive and active processes, but they are relatively expensive, time and resource consuming, and low throughput. These assays are appropriate for profiling late-stage drug development candidates, but are less effective for early stage drug discovery projects with a large number of compounds from a variety of projects requiring rapid profiling.
The high throughput (HT) 96-well cell monolayer MadinDarby canine kidney (MDCK) transwell assay has been widely applied in drug discovery to measure permeability of a large number of compounds. It would be highly desirable for predicting passive permeability across hepatocyte membranes in this HT format in order to increase throughput and reduce cost. Unlike other cell systems (e.g., human colonic adenocarcinoma (Caco-2) cells), Madin-Darby canine kidney II-low efflux (MDCKII-LE) was developed to have minimal endogenous transporter activity, making it a preferred system for measuring passive permeability (17) . MDCKII-LE has been shown to adequately predict human oral absorption (17) , but MDCK cells and hepatocytes are very different cell types (dog kidney cells versus human liver cells). Passive permeability values obtained from the MDCKII-LE cell monolayer have not yet been shown to predict passive permeability of hepatocytes. In this study, passive permeability across human hepatocyte membranes is compared with that obtained from the MDCKII-LE cell monolayer assay in order to evaluate if MDCKII-LE can be used as a surrogate for measuring hepatocyte passive permeability.
EXPERIMENTAL Materials
Detailed information on materials for both MDCKII-LE and hepatocyte oil spin uptake experiments have been previously reported (9, 17) . Transwell insert plates (96-well) with polyethylene terephthalate membrane, 96-well angledbottom collection plates, and velocity V11 peelable seals were purchased from BD Falcon (Bedford, MA). Deep 96-well plates were from Axygen Scientific Inc. (Union City, CA) and 96-tip blocks were obtained from Apricot Designs (Monrovia, CA). Test compounds were obtained from Pfizer Global Material Management (Groton, CT) or purchased from Sigma-Aldrich (St. Louis, MO).
Liquid Chromatography-Tandem Mass Spectrometry Conditions
The LC mobile phases were (or equivalent): (A) HPLC grade water containing 0.1% formic acid; and (B) acetonitrile containing 0.1% formic acid. A solvent gradient from 5% (B) to 95% (B) over 2.0 min at the flow rate of 0.5 mL/min was used to elute the compounds from the column (Kinetex C18, 30×3 mm, 2.6 μm; Phenomenex, Torrance, CA). The cycle time was 3 min/injection. An aliquot of 15 μL was injected for analysis using a CTC PAL autosampler (LEAP Technologies, Carrboro, NC). The analysis was conducted with Shimadzu LC-10 AD HPLC pumps (Columbia, MD) connected to an AB SCIEX Triple Quad™ 5500 (Foster City, CA) mass spectrometer equipped with a TurboIonSpray source using MRM mode. Analyst™ 1.5.1 software (Applied Biosystems, Foster City, CA) was applied to data collection, processing, and analysis.
MDCKII-LE Monolayer Transport Assay
The experimental details of the MDCKII-LE assay have been previously described (17) . A 96-well pipettor from Apricot Design PP550 (Monrovia, CA) was used for the assay. The assay was performed in 96-well format with a cassette of four test compounds per well (flux of four compounds is occurring simultaneously across a monolayer). Test compounds (2 μM) were added to the donor wells and buffer was added to the receiver wells. The plate was incubated (5% CO 2 /95% O 2 ) at 37°C with 95% relative humidity. At 0 and 1.5 h time points, samples in both the donor and receiver compartments were collected for analysis.
The P app values were calculated using Eq. 1.
where SA is the surface area of the cell monolayer (0.0625 cm 2 ), C D (0) is the concentration in the donor at time 0, t is time in seconds, M R is the mass of the compound appearing in the receiver as a function of time, and dM R /dt is the rate of the compound accumulating in the receiver.
Human Hepatocyte Oil Spin Assay
Cryopreserved human hepatocytes (Celsis IVT, Baltimore, MD) were thawed at 37°C, then suspended in William's E media (WEM, custom formula #91-5233EC, GIBCO-BRL, Grand Island, NY). The suspension was aliquoted into two tubes and centrifuged at 50 g for 3 min at room temperature. The cell pellets were resuspended in regular Krebs-Henseleit buffer (KH buffer, Sigma-Aldrich, St. Louis). The resuspended cells were placed on ice for 10 min, then centrifuged and resuspended in KH buffer. The cell viabilities were determined by trypan blue exclusion and the suspensions were diluted to 2×10 6 cells/mL. Cell suspensions of 200 μL with inhibitor (100 μM rifamycin SV), were aliquoted into test tubes and were prewarmed to 37°C in a slowly shaking water bath for 3 min. The incubations were initiated by the addition of 200 μL of 2 μM prewarmed substrate, with and without rifamycin SV, at 37°C, which resulted in the following final concentrations: 1 μM substrate, 100 μM rifamycin SV inhibitor and 1×10
6 cells/ml cell density in 0.4 mL incubation volume. After an incubation period of 0.5, 1, and 1.5 min, 100 μL incubation mixture was collected into a centrifuge tube (Denville Scientific Inc, NJ) containing an oil layer (density=1.015 g/mL, a mixture of silicone oil and mineral oil; Sigma-Aldrich, St. Louis, MO). The tubes were centrifuged at 14,000 rpm for 10 s (Beckman Microfuge E, Danvers, MA), then cut under the oil layer, and the cell pellets were lysed with 150 μL of 70% methanol containing internal standard. The supernatant was analyzed using liquid chromatography-tandem mass spectrometry (LC-MS/MS). The dimension of the hepatocytes was measured using Beckman Coulter Vi-CELL® XR Cell Viability Analyzer (Danvers, MA). The passive diffusion clearance (CL pass , μL/min/million cells) was estimated using the conventional model (Eq. 2).
where v (pmol/min/million cells) is the initial rate of appearance of drug into the hepatocytes, and was calculated as the slope of the linear regression of the intracellular concentrations versus time plot. C(0) is the initial substrate concentration (μM).
Log D Determination
Log D 7.4 was determined using the previously described method (18) . Test compound (10 mM DMSO stock, 2 μL) was added to a deep 96-well plate containing 298 μL of 50% 1-octanol and 50% phosphate buffer (pH 7.4) presaturated with one another. The assay was performed in duplicate with typical coefficient of variation (CV)~20%. The plate was sealed and vigorously mixed on a plate shaker for 15 min at room temperature. The plate was then subjected to centrifugation at 2,500 rpm (1,006×g) for 10 min to separate the phases. Aliquots from the 1-octanol phase and the buffer phase were removed from the wells, diluted accordingly and analyzed with LC-MS/MS. Software MATLAB (version 2012b; The MathWorks Inc., Natick, MA) with curve fitting toolbox (version 3.3) was used for all linear regression. ACD (version 12.5, Advanced Chemistry Development, Inc., Toronto, ON, Canada) was used to calculate pK a and Log D.
RESULTS
A set of structurally diverse compounds, mostly OATP substrates, was selected for the study, because determination of passive permeability through hepatocytes is critical for modeling hepatic clearance of OATP substrates. Though compounds without transporter involvement may be better suited to evaluate the passive permeability component, it will not demonstrate if the approach will be applicable for OATP substrates. Determination of passive permeability and uptake rate is most important to predict PK and liver concentration for these classes of compounds. Both P app from MDCKII-LE the monolayer transport assay and CL pass values from the suspended human hepatocyte oil spin assay, along with their physiochemical properties, are summarized in Table I .
Literature CL pass values from suspended, plated, or sandwich cultured human and rat hepatocytes are also included for the analysis (Table I) .
A pure forward prediction on suspended human hepatocyte CL pass (Pfizer dataset) from MDCKII-LE using the following equation (Eq. 3) was performed.
where the factor of 2 reflects the fact that compounds have to diffuse across two membrane layers (apical and basal membranes) before reaching the receiver compartment in the MDCKII-LE assay and only one layer of membrane for the hepatocyte assay. SA HHEP is the surface area of one million human hepatocytes. Each human hepatocyte is assumed to be a sphere with a diameter of 13.52 μm (measured). The predicted CL pass values are similar to the observed values ( Fig. 1) Linear correlations were also observed between MDCKII-LE P app measured in this study, and literature human hepatocyte CL pass estimated using mechanistic two-compartment model (12) (13) (14) with adjusted R 2 of 0.889, 0.907, and 0.863 for the regressions with suspended, plated, and sandwich cultured human hepatocytes, respectively (Fig. 3a, Eq. 6 For the suspended rat hepatocyte, a conventional model was employed (11) to obtain CL pass , while for the plated rat hepatocyte, a mechanistic model was used (10) .
For all the regressions above, no strong correlation was observed when the experimentally determined Log D 7.4 values were replaced by the predicted values from ACD (data not shown), probably due to the weak linear association between ACD predicted and experimentally determined Log D 7.4 values (Fig. 5) .
DISCUSSION
Passive permeability is an important parameter of drug candidates. It has been widely applied in pharmaceutical research to predict oral absorption, brain penetration, skin permeation, and in vitro cellular uptake of drug molecules (19) . Passive permeability across hepatocyte membranes impacts the intracellular free drug concentration of hepatocytes since it modulates uptake of drug molecules into hepatocytes, metabolic clearance, and biliary elimination. The contribution of passive permeability to the overall hepatic intrinsic clearance (CL int,app ) can be described using the equation of sequential clearance (Eq. 10) (1-3) , where CL int,uptake , CL int,pass , CL int,met , CL int,bile , and CL int,efflux are intrinsic clearance of active uptake, passive diffusion, metabolism, biliary clearance, and sinusoid efflux transport.
Accurate measurement of passive permeability is important in both in vivo PK prediction using mechanistic models, as well as understanding the contribution of the diffusion processes to in vitro intrinsic clearance by hepatocytes. A direct measurement of passive permeability across hepatocyte membranes is technically challenging because multiple mechanisms can occur in hepatocytes, including metabolism, influx by uptake transporters, efflux by efflux transporters, and passive diffusion. To measure the contribution of passive diffusion in such a complex system, the other processes would have to be inhibited or quenched without affecting passive permeability. The current approaches with inhibitors or low temperature (4°C) to stop the enzymatic and transporter processes have their limitations, and the mechanistic modeling approach (two-compartment model) is resource-intensive and low throughput. It is, therefore, necessary to develop a higher throughput and lower cost method to measure passive permeability of a larger number of compounds across hepatocytes. This is of particular interest for liver targeting drug discovery programs.
Since MDCKII-LE has already been widely used in drug discovery to measure passive permeability (17) , it is natural to be considered as a surrogate for passive permeability of hepatocytes. However, there has been no evidence that the two systems have similar passive permeability, and the assay formats and cell origins are quite different as well. MDCKII-LE cells are immortalized dog proximal tubule epithelial cells, whereas human hepatocytes are primary human epithelial cells. Based on these considerations, the correlation of passive permeability between the MDCKII-LE monolayer transport assay and various hepatocyte systems was evaluated, and relationship to lipophilicity (Log D 7.4 ) was also examined.
Potential limitations of comparing passive permeability between hepatocytes and MDCKII-LE directly (without converting to intrinsic membrane permeability) are the differences of cell membrane potential, paracellular transport and unstirred water layer (UWL) between the two systems. Membrane potential can impact the transmembrane transport of the ionized species of a compound, hence it affects P app value (20) . The effect of membrane potential was not corrected in this study because of the similarity of the voltages between the two cell types: −39 mV for (rat) hepatocytes (21) versus −48 mV for MDCKII-LE (22) . Paracellular transport between the tight junctions of MDCKII-LE cells is believed to have minimal impact on P app in this case (23) , because all compounds, except for propranolol, are negatively charged at pH 7.4 and have molecular weight (MW) greater than 400. To evaluate the effect of UWL, MDCKII-LE P app was estimated using partial differential equation-based mechanistic modeling (20) . In the previous study (20) of UWL, it was suggested that compounds might have slower diffusion in the media, but faster depletion at the interface between media and membrane for highly permeable compounds. Hence, there was a shallow gradient across the membrane which decreased the mass transfer rate and resulted in UWL effect (20) . However, in this study, using partial differential equation to model diffusion process in the media only yielded limited improvement over wellstirred media model (data not shown), possibly because most compounds under investigation have relatively low passive permeability. Therefore, a pronounced depletion effect at the media-membrane interface or UWL effect is less likely. As such, good correlation between MDCKII-LE P app and human hepatocyte CL pass was observed without correction of UWL (Figs. 1, 2a, and 3a) . A slight overprediction shown in Fig. 1 might be due to inaccurately estimating effective cell surface area in the two assays (Eq. 1 and 3). The strong correlation between hepatocytes and MDCKII-LE (Figs. 1, 2a, and 3a,) indicated that MDCKII-LE can be used as a surrogate for passive permeability of hepatocytes.
The impact of human hepatocyte assay formats and modeling approaches to estimating passive permeability was evaluated using regression analysis with literature CL pass of suspended (13) , plated (12) , and sandwich cultured human hepatocytes (14) using mechanistic modeling. In general, the regression results are similar among the different assay formats (Eq. 6), but are slightly different between the different modeling approaches (Eqs. 4 and 6).
Strong linear correlations were observed between Log D 7.4 and passive permeability of hepatocyte or MDCKII-LE among the Pfizer dataset, which is consistent with what was reported in the literature (10) (11) (12) . This suggests that lipophilicity is a dominant factor for passive permeability of compounds tested in this study and Log D 7.4 can also be used as a surrogate for permeation across cell membranes. Propranolol was an outlier in both hepatocyte and MDCKII-LE comparisons with Log D 7.4 (Fig. 2b, c) . Log D 7.4 underestimated the apparent permeability of both hepatocytes and MDCKII-LE (Fig. 2b, c) , while MDCKII-LE predicted the passive permeability of hepatocytes well for this compound (Figs. 1 and 2a) . This could potentially be due to lysosomal trapping of the compound in hepatocytes, owing to the low pH of lysosomes (pH 4.7), high basicity (pK a 9.5) and high lipophicity of the compound (24) . As a result, part of the uptake clearance of propranolol in hepatocytes, driven by lysosomal trapping, was not adequately described by Log D 7.4 . For MDCKII-LE, lysosomal trapping should not impact P app . However, paracellular permeation of propranolol can significantly contribute to P app . due to its low MW and positive charge at physiological pH. This might be one of the reasons that Log D 7.4 underpredicted the MDCKII-LE P app . Fexofenadine, a zwitterion, was another outlier in the MDCKII-LE (Fig. 2c) and human hepatocyte (Fig. 3b) comparisons with Log D 7.4 , although strong correlation was observed between human hepatocyte CL pass and MDCKII-LE P app (Figs. 1 and 2a) . Log D 7.4 overpredicted the passive permeability of both hepatocytes and MDCKII-LE. This could potentially be due to the impact of cell membrane potential on permeation of charged molecules, which is not accounted for by Log D 7.4 .
MDCKII-LE P app values were also compared with literature suspended (11) and plated (10) rat hepatocyte CL pass data (Table I and Fig. 4a ). Although linear correlations were also observed between MDCKII-LE P app and rat hepatocyte CL pass , with different rat hepatocyte assay formats and modeling methods, the regression results are different (Fig. 4a , Eq. 8). The difference introduced by modeling methods has been published before (10) , however, even with the same modeling method, plated, and suspended rat hepatocytes led to different CL pass , particularly for low permeability compounds (10, 11) . Even though the suspended human and rat hepatocyte studies both used conventional method for data analysis, the actual experimental design and data fitting were quite different. This could be one of the reasons for the discrepancy between the two methods and this is an area requires further investigation to understand the factors impacting assay results. Log D 7.4 also described the rat hepatocyte passive permeability well (Fig. 4b, Eq. 9 ).
CONCLUSION
The results suggest that the MDCKII-LE P app has a strong correlation with hepatocyte CL pass . The MDCKII-LE assay can be used as a surrogate for passive permeability of human and rat hepatocytes. Since the MDCKII-LE assay is high throughput in a 96-well format and run in a four-in-one cassette, permeability values can be rapidly generated to develop structure-permeability or structure-transporter uptake rate relationships. Lipophicity (Log D 7.4 ) has strong correlation with both hepatocytes and MDCKII-LE passive permeability for most compounds and can also be used as a permeability surrogate. More detail and comprehensive measurements of passive permeability with relevant systems and mechanistic modeling are still recommended for pharmacokinetic prediction of late-stage drug development candidates.
